Lactococcus lactis subsp. lactis MG1363 was grown in batch cultures on a defined medium with glucose as the energy source under different aeration conditions, namely, anaerobic conditions, aerobic conditions, and microaerobic conditions with a dissolved oxygen tension of 5% (when saturation with air was used as the reference). The maximum specific growth rate was high (0.78 to 0.91 h ؊1 ) under all aeration conditions but decreased with increasing aeration, and more than 90% of the glucose was converted to lactate. However, a shift in by-product formation was observed. Increasing aeration resulted in acetate, CO 2 , and acetoin replacing formate and ethanol as end products. Under microaerobic conditions, growth came to a gradual halt, although more than 60% of the glucose was still left. A decline in growth was not observed during microaerobic cultivation when acetate was added to the medium. We hypothesize that the decline in growth was due to a lack of acetyl coenzyme A (acetyl-CoA) needed for fatty acid synthesis since acetyl-CoA can be synthesized from acetate by means of acetate kinase and phosphotransacetylase activities.
The homofermentative lactic acid bacterium Lactococcus lactis is used primarily in the dairy industry to manufacture fermented milk products and cheese. The members of this species are facultative anaerobes and have limited biosynthetic capacity (7, 18, 30) . Consequently, the main purpose of sugar metabolism is to produce ATP for biosynthesis, and more than 95% of the sugar metabolized ends up in fermentation products (24) . If the small amount of NADH gained in anabolism is neglected, catabolism is constrained by a balance between NADH-producing and -consuming steps. Under anaerobic conditions this constraint results in conversion of glucose into lactate via lactate dehydrogenase (LDH) or into the mixed acid products formate, ethanol, and acetate at a C molar ratio of 1:1:1 via pyruvate formate lyase (PFL) depending on whether the specific sugar uptake rate is high or low (6, 12, 21) . When oxygen is present in the medium, the tight coupling of catabolic carbon fluxes that is needed to satisfy the redox balance is alleviated, since NAD ϩ can be regenerated by the activity of NADH oxidases (NOX).
Not only does the presence of oxygen in the medium influence metabolism by altering the NADH/NAD ϩ ratio, which has been proposed to play a key role in regulation of sugar metabolism (12, 13, 16, 17, 23) , but the cellular content of key enzymes also changes with aeration. The negative effect of oxygen on expression of the pfl gene is well known (1, 22) , and PFL is known to be very sensitive to oxygen (10, 22, 29) . Furthermore, expression of the adhE gene, which encodes the alcohol dehydrogenase enzyme, is known to be reduced by aeration (2) . In contrast, the in vitro specific activities of ␣-acetolactate synthase (ALS) and the pyruvate dehydrogenase (PDH) complex have been reported to increase with aeration (8, 17) .
For the most part, L. lactis has been studied under totally anaerobic conditions or, in some cases, under totally aerobic conditions (8, 10, 19, 26, 31) . To the best of our knowledge, a recent study performed by Jensen et al. (17) was the first study to look into the behavior of L. lactis under microaerobic conditions (i.e., with small amounts of oxygen dissolved in the cultures). This study was performed in a chemostat operating at a low dilution rate (0.1 h Ϫ1 ), which led to a product pattern in which more than 80% of the glucose carbon ended up in products other than lactate.
To extend our knowledge of the metabolic behavior of L. lactis at intermediate oxygen concentrations, we performed batch cultivation experiments with L. lactis growing on glucose under different aeration conditions. Under microaerobic conditions (5% dissolved oxygen tension [DOT] relative to saturation with air) we observed that growth came to a gradual halt, although more than 60% of the glucose was still left. This phenomenon was investigated closely. We found that the decline in growth was not observed when acetate was added to the medium. We obtained some evidence to explain why acetate was needed to sustain growth.
MATERIALS AND METHODS
Strain and growth conditions. The bacterium used throughout this study was the homofermentative laboratory strain L. lactis subsp. lactis MG1363 (14) . This microorganism was grown in in-house bioreactors with a working volume of 1.0 liter under anaerobic and aerobic conditions or in an MBR bioreactor (MBR Bio Reactor AG, Wetzikon, Switzerland) with a working volume of 1.5 liters under microaerobic conditions. All cultures were incubated at 30°C, and the baffled bioreactors were fitted with four-blade Rushton turbines rotating at 350 rpm. A constant pH of 6.6 was maintained by automatic addition of 10 M KOH.
Unless stated otherwise, the cells were grown in defined MS10 medium (7) supplemented with the following components to allow growth under aerobic conditions: MnSO 4 (1.25 ϫ 10 Ϫ5 g ⅐ liter Ϫ1 ), thiamine (1 mg ⅐ liter Ϫ1 ), and DL-6,8-thioctic acid (2.5 mg ⅐ liter Ϫ1 ). The glucose concentration was 10 g ⅐ liter Ϫ1 . The bioreactors were inoculated with cells from precultures grown at 30°C in shake flasks on the medium described above buffered with threefoldhigher concentrations of K 2 HPO 4 and KH 2 PO 4 .
Anaerobic conditions were ensured by flushing the medium with N 2 (99.998% pure) prior to inoculation and by maintaining a constant flow of 50 ml of N 2 min Ϫ1 through the headspace of the bioreactor during cultivation. The bioreactors used for microaerobic and aerobic cultivation were equipped with polarographic oxygen sensors (Mettler Toledo, Urdorf, Switzerland). The oxygen electrodes were calibrated by sparging the medium with air (DOT, 100%) and N 2 (DOT, 0%); the 100% saturation value was based on air. When defined in this way, a DOT of 100% corresponded to a saturation oxygen concentration of 2.4 ϫ 10 Ϫ4 M (in pure water at 30°C). Aerobic conditions were obtained by sparging the bioreactor with air at a rate of 1 liter of gas ⅐ liter of reactor volume Ϫ1 ⅐ min Ϫ1 to ensure that the DOT was more than 80%. During microaerobic experiments the DOT was kept at 5% by sparging the reactor with 250 ml of gas composed of a mixture of N 2 and atmospheric air per min. The ratio of N 2 to air was adjusted by using two mass flow controllers (Bronkhorst, Ruurlu, Holland), and the DOT was kept constant by feedback regulation of the ratio (17) .
Analytical methods. (i) Biomass. The biomass concentration was monitored spectrophotometrically by measuring the optical density at 580 nm and correlating the optical density with cell dry weight measurements. Cell dry weight measurements were obtained as described previously (17) . One unit of optical density at 580 nm was shown to be equivalent to 0.25 g (dry weight) of cells ⅐ liter Ϫ1 .
(ii) Glucose and end products. To determine the extracellular metabolite contents, samples were filtered through a 0.22-m-pore-size filter. Glucose, lactate, formate, acetate, ethanol, pyruvate, and acetoin were separated by highpressure liquid chromatography (Aminex HPX-87H column [Bio-Rad, Hercules, Calif.]) at 65°C by using 5 mM H 2 SO 4 at a flow rate of 0.6 ml ⅐ min Ϫ1 as the mobile phase. Glucose, ethanol, and acetoin contents were measured refractometrically with a Waters 410 differential refractometer detector (Millipore, Milford, Mass.). Lactate, formate, acetate, and pyruvate were quantified by using a Waters 486 tunable absorbance detector set at 210 nm.
(iii) Amino acids. For one of the microaerobic cultures, the concentrations of amino acids in the growth medium at the end of cultivation were measured by the method of Barkholt and Jensen (3) to make sure that none of the amino acids were depleted.
(iv) Hydrogen peroxide. The hydrogen peroxide concentrations in filtered samples taken from a microaerobic culture were determined spectrophotometrically with 2,2Ј-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) at 433 nm essentially as described previously (31) . To 3 ml of sample, 75 l of an ABTS solution (28 g liter Ϫ1 ) and 15 l of horseradish peroxidase (500 U ml Ϫ1 ) were added, and the absorbance was measured immediately.
In vitro enzyme assays. Enzyme extracts were prepared essentially as described by Garrigues et al. (12) . Approximately 200 ml of a cell culture was harvested from a bioreactor during the exponential phase and centrifuged (6,000 ϫ g, 4°C, 10 min) to obtain a biomass pellet, which was washed twice with 200 ml of 0.2% (wt/vol) KCl and resuspended in 5 ml of protein extraction buffer (pH 7.2) containing 45 mM Tris, 15 mM tricarballylic acid, 20% (vol/vol) glycerol, 1.0 mM dithiothreitol, and 4.5 mM MgCl 2 . The samples were stored at Ϫ20°C until analysis. Enzyme extraction was accomplished by sonication (five 30-s cycles separated by 1-min cooling periods on ice), and cell debris was removed by centrifugation (10,000 ϫ g, 4°C, 10 min) to obtain a protein extract, which was used immediately in all enzyme assays. The protein concentrations of the extracts were quantified by the method of Lowry et al. (20) by using bovine serum albumin as the standard.
In vitro LDH, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), PDH, and NOX enzyme activities were determined at 30°C and pH 7.2 by monitoring the concentration of NADH spectrophotometrically at 340 nm (ε ϭ 6.22 ϫ 10 3 M Ϫ1 ⅐ cm Ϫ1 ) or, in the case of PDH, by monitoring the synthesis of the electron acceptor 2-(p-idophenyl)-3-p-nitrophenyltetrazolium chloride at 500 nm (ε ϭ 12.4 ϫ 10 3 M Ϫ1 ⅐ cm Ϫ1 ).
LDH, GAPDH, and PDH activities were assayed in reaction mixtures having the exact compositions described previously (12) . The enzyme activity assay for NOX was performed with the reaction mixture described previously by Jensen et al. (17) .
ALS enzyme activity was measured essentially as described by Boumerdassi et al. (5) by measuring acetoin production from pyruvate in a 1-ml reaction mixture containing 100 mM phosphate buffer (pH 6.5), 0.21 mM cocarboxylase, and 80 mM sodium pyruvate, which initiated the reaction. After incubation at 30°C for 15 min, 200 l of 0.5 M HCl was added to stop the reaction and convert ␣-acetolactate into acetoin. After incubation at 45°C for 30 min, the resulting solution was used for quantification of acetoin by the colorimetric method of Westerfeld (32) .
All in vitro enzyme activities were determined relative to protein content. However, by assuming that the protein pool constitutes 45% of the total cell dry weight, as reported by Novák and Loubiere (24) , the activities were calculated relative to cell dry weight.
Measurement of cellular coenzyme concentrations. Cellular coenzyme concentrations were measured by using in vitro procedures based on rapid inactivation of the metabolism of exponentially growing cells, followed by metabolite extraction. Cell samples (10 ml) were transferred from a bioreactor to tubes, which were precooled in liquid nitrogen, and the metabolic activity was quenched by immersion of the tubes in liquid nitrogen. The samples were stored at Ϫ20°C until further analysis.
Acidic metabolite extraction and analysis of NAD ϩ were performed essentially as described previously (12) . HCl (37%) was added during thawing of samples in a water bath at 50°C to give a final pH of 1.2. Extraction was completed by incubation at 50°C for 8 min, followed by neutralization with 10 M KOH to obtain a pH of 7. After centrifugation (6,000 ϫ g, 4°C, 10 min) the supernatant was immediately used for measuring the metabolite concentration by coupling an enzyme assay with fluorimetric determination of the coenzyme NADH. Emission was measured at 460 nm after excitation at 340 nm with a Perkin-Elmer LS 50 B luminescence spectrometer (Perkin-Elmer, Beaconsfield, England). The reaction mixture used in the assay was exactly the reaction mixture described by Garrigues et al. (12) .
The cellular NADH concentration was assessed by a method that relied on alkaline extraction of NADH with concomitant destruction of NAD ϩ , followed by quantification of the NADH by a cycling assay. This method gives results with a much lower standard deviations than measurement with a fluorimetric assay gives. NADH was extracted by adding 10 M KOH to cell samples during thawing in a water bath at 56°C to obtain a final pH of 12.5. Samples were taken directly from these extraction solutions and incubated at 56°C for 10 min. After centrifugation (10,000 ϫ g, 4°C, 5 min) the samples were neutralized to obtain a final pH of 7.5. The prepared extracts were used immediately in a microcycling assay mixture, which was prepared essentially as described by Bernofsky and Swan (4) by mixing 500 l of neutralized extract, 400 l of water, 50 l of 3-(4,5-dimethylthiazoyl-2)-2,5-diphenyltetrazolium bromide (MTT) (8.4 mM), 50 l of phenazine ethosulfate (33.2 mM), and 10 l of ethanol (96%). After incubation for 5 min at 35°C, 20 l of alcohol dehydrogenase (900 U/ml) was added to initiate the cycling reaction, and the rate of MTT reduction was monitored spectrophotometrically at 570 nm. Calibration was performed by adding 0, 0.25, 0.50, 0.75, and 1.00 M NADH during the extraction procedure.
All cofactor concentrations were determined relative to cell dry weight by the experimental procedures described above. By using the intracellular volume reported by Sjöberg and Hahn-Hägerdal (25) (1.7 ml ⅐ g [dry weight] of cells Ϫ1 ), the aqueous molar volumes were calculated.
RESULTS
Analysis of growth and product formation. Growth of L. lactis subsp. lactis MG1363 on glucose was investigated in pHregulated batch cultures under the following aeration conditions: anaerobic, microaerobic (DOT, 5%), and aerobic (DOT, Ͼ80%). Under all aeration conditions the maximum specific growth rates were high (range, 0.78 to 0.91 h Ϫ1 ) ( Table 1) , and the specific growth rate decreased with increasing aeration. Under anaerobic and aerobic conditions, growth was exponential after a variable lag phase until a very short transient of less than 1 h, during which the specific growth rate gradually declined. The transient was followed by stationary phase. However, under microaerobic conditions, the specific growth rate declined when more than 60% of the glucose in the medium was not converted (Fig. 1A) . This was shown to be due to a declining biomass yield on glucose (Fig. 2) and not to a lower specific sugar uptake rate.
The glucose carbon recovery data were similar for all three aeration conditions. The end products analyzed accounted for 98% of the converted glucose carbon, and there was a clear predominance of lactate (Ͼ90%) ( Table 1) . However, a shift in by-product formation from formate, ethanol, and acetate under anaerobic conditions to acetate, acetoin, pyruvate, and CO 2 under aerobic conditions was observed. Under anaerobic conditions the by-products formate, acetate, and ethanol were produced at a C molar ratio of approximately 1:1:1, indicating that the PFL pathway was the only active pathway of pyruvate metabolism besides LDH; i.e., there was no flux through the PDH enzyme complex. Furthermore, the redox constraint un-der anaerobic conditions was fulfilled since equimolar quantities of acetate and ethanol were produced, resulting in redox neutral conversion of glucose. Under microaerobic and aerobic conditions this tight constraint on the by-product fluxes was alleviated due to NOX activity. Under aerobic conditions, the in vivo fluxes through PFL and alcohol dehydrogenase were a The values are means Ϯ standard deviations for two independent cultivations. The yield coefficients for biomass, lactate, formate, ethanol, and acetate were obtained from plots of the amount of accumulated product versus the amount of glucose consumed during the exponential phase. Pyruvate and acetoin were detected only at the end of cultivation, and thus the yield coefficients for pyruvate and acetoin were calculated on the basis of end concentrations.
b The CO 2 yield on glucose was calculated by Y s,CO 2 ϭ 0.5(Y s,acetate ϩ Y s,acetoin ϩ Y s,ethanol ) under microaerobic and aerobic conditions. This formula is valid when ethanol and acetate are produced from pyruvate via the PDH enzyme complex, since the production of 2 C-mol of acetate or ethanol in this case infers production of 1 mol of CO 2 . Similarly, synthesis of 4 C-mol of acetoin occurs with concomitant production of 2 mol of CO 2 . c ND, not determined. d The specific growth rate dropped drastically from the maximum value shown when more than 60% of the glucose was left unconverted. This was due to a decrease in the biomass yield on glucose. The yield shown is the yield before the decline in growth. zero since neither formate nor ethanol was formed, and thus the PDH enzyme complex was responsible for the first step in the conversion of pyruvate to acetate. Only a small amount of in vivo ALS activity was observed under aerobic conditions, which confirms that the amount of acetoin produced in L. lactis is small, unless the intracellular pyruvate concentration is high (11) . Under microaerobic conditions product formation was extremely homolactic, and only 2% of the glucose carbon ended up in products other than lactate. The PFL enzyme was inactive since no formate was formed. Consequently, the very small amounts of ethanol and acetate observed in the medium resulted from activity of the PDH complex.
The biomass yield during the exponential phase correlated with the acetate yield (Table 1 ). According to Jensen et al. (17) 43% of the biomass carbon comes from glucose, but still the main portion of the glucose metabolized goes into production of ATP and catabolic end products. For each acetate molecule formed from pyruvate an extra ATP is formed ( Fig. 3) . Thus, there is a correlation between specific acetate production and specific production of ATP in catabolism, and as a consequence there is a correlation between biomass yield and acetate yield. This indicates that biomass synthesis is energy limited except when the decline in growth occurs under microaerobic conditions. Analysis of the decline in growth under microaerobic conditions. A number of experiments were carried out to explain why the specific growth rate declined gradually under microaerobic conditions although more than 60% of the glucose was still left in the medium. We investigated whether this was due to depletion of an amino acid in the growth medium, but this was not the case. Grufferty and Condon (15) and van Niel et al. (31) have shown how a decline in growth can be a consequence of accumulation of autoinhibitory levels of hydrogen peroxide. Consequently, we tested whether hydrogen peroxide was present in the growth medium, but this compound could not be detected.
We then hypothesized that the decline in growth could be due to a lack of acetyl coenzyme A (acetyl-CoA), a precursor for fatty acid synthesis, which can be synthesized by PFL or PDH (Fig. 3) . Additionally, acetyl-CoA may be synthesized from acetate by the acetate kinase and phosphotransacetylase enzymes (9, 11) . PFL was clearly inactive under microaerobic conditions (Table 1) , and the low yields of acetate and ethanol indicate that there was low PDH activity. If the decline in growth was due to a lack of acetyl-CoA, the decline might have been reversed by addition of a sufficient amount of acetate to the medium. Actually, acetate is part of some media (18) which do not contain 6,8-thioctic acid, which functions as a cofactor of the PDH complex (9, 27, 30) .
Indeed, addition of acetate during microaerobic cultivation prevented a decline in growth (Fig. 1B) , and it was found that the biomass yield did not decrease when acetate was added (Fig. 2) . The product yields did not change when acetate was added during microaerobic cultivation compared to the product yields during cultivation without acetate addition (Tables 1  and 2 ). Furthermore, an experiment was conducted in which the decline in growth was allowed to occur before acetate was added. Figure 4 shows that addition of acetate immediately eliminated the decline in growth.
To investigate the influence of acetate on the metabolism of L. lactis subsp. lactis MG1363 further, we performed a microaerobic cultivation in which 6,8-thioctic acid, which is essential for a functional PDH complex (28) , was replaced by 0.82 g of sodium acetate liter Ϫ1 , the amount used in SA medium (18) . One C-mole of acetate (i.e., 1 mol of acetate carbon) was taken up per 100 C-mol of glucose during this culti- (Fig. 1C and Table 2 ), which corresponded to an acetate yield of 2.27 C-mmol of acetate g (dry weight) of cells Ϫ1 . The biomass yield was lower than the yield observed under microaerobic conditions when acetate was added during cultivation on a medium containing 6,8-thioctic acid. The lactate yield with glucose was comparable to the yields in the other microaerobic experiments (Table 2) . However, a larger amount of pyruvate was detected and acetoin was produced, while no ethanol was formed. Intracellular cofactor concentrations. A high NADH/ NAD ϩ redox ratio could have been responsible for the low PDH activity under microaerobic conditions. Consequently, intracellular cofactor concentrations were measured in exponentially growing cells. The NAD ϩ concentration increased twofold from anaerobic to aerobic conditions, while the NADH concentration decreased by 36% (Table 3) . Unfortunately, we were unable to determine the NADH concentration under microaerobic conditions. It is difficult to measure low cellular NADH concentrations in L. lactis, and with the method used it was extremely difficult to determine the concentration when the sample contained less than 1 g of biomass liter Ϫ1 . Under microaerobic conditions the biomass concentration during the exponential phase (before the decline in growth) was below this limit.
Enzyme activities and kinetic analysis of PDH.
In vitro specific activities of the key enzymes GAPDH, LDH, PDH, ALS, and NOX in exponentially growing cells (Table 4 ) were assayed in order to determine the pattern of regulation mediated by the increasing level of oxygen present in the medium. Considering the standard deviations, the in vitro GAPDH and LDH specific activities were not affected by aeration. This finding is in accordance with a recent study of Jensen et al. (17) . Surprisingly, the in vitro PDH specific activity did not increase with aeration, and the in vitro activity was not zero even under anaerobic conditions, under which the in vivo PDH activity was zero. Both the ALS and NOX in vitro specific activities increased with aeration.
We speculated that the decline in growth observed under microaerobic conditions resulted from a low availability of acetyl-CoA due to low PDH in vivo activity. Since the in vitro specific activity of the enzyme did not change with aeration, we examined how the PDH enzyme complex responds to biochemical modulation by the redox ratio. At an NADH/NAD ϩ ratio equivalent to 0.019 (the ratio measured under aerobic conditions) the specific activity was found to be less than 5% of the full in vitro activity (Fig. 5) , and at the ratio found under anaerobic conditions the specific activity was less than 0.6%.
DISCUSSION
This study showed that acetate is needed to sustain growth of strain MG1363 under microaerobic conditions. This was the case even though small amounts of acetate were produced from glucose with a constant yield under microaerobic conditions, both when acetate was supplied during cultivation and when it was not supplied. We hypothesize that the flux through the PDH enzyme was too low to maintain a sufficient acetyl-CoA pool size under microaerobic conditions and that addition of extracellular acetate increased the sizes of the pools of The effect on glucose metabolism under microaerobic conditions when 6,8-thioctic acid was replaced with acetate is consistent with the results of a study performed by Curic et al. (11) , in which L. lactis subsp. lactis biovar diacetylactis DB0410 and the derived ␣-acetolactate decarboxylase-deficient strain MC010 were grown in aerobic batch cultures in media containing either 6,8-thioctic acid or acetate. Replacement of 6,8thioctic acid with acetate led to redirection of the pyruvate catabolism from acetate towards ␣-acetolactate, diacetyl, and acetoin. The amount of acetate taken up was 1 C-mol per 100 C-mol of glucose consumed, the same as in this study. Collins and Bruhn (9) measured incorporation of [2-14 C]acetate into lipids in L. lactis subsp. lactis biovar diacetylactis grown under aerobic conditions in a complex medium lacking 6,8-thioctic acid. They found that 3.56 C-mmol of acetate was incorporated per g (dry weight) of cells, a value which is 57% higher than the acetate yield for biomass obtained in this study. The resolution of the method used by Collins and Bruhn (9) was greater than the resolution that can be achieved by high-pressure liquid chromatography measurement of extracellular metabolites.
In the recent study performed by Jensen et al. (17) , in which L. lactis subsp. lactis MG1363 was cultivated in a chemostat operated at a low dilution rate (0.1 h Ϫ1 ) and under glucoselimited conditions, a shift in product formation from formate and ethanol to acetate and CO 2 was observed when aeration was increased. The same shift in by-product formation was observed in this study, but whereas the product formation pattern was homolactic in this study, less than 20% of the glucose carbon ended up in lactate in the study of Jensen et al. This shift away from homolactic product formation with a decreasing specific sugar uptake rate is analogous to what is observed under anaerobic conditions (6, 12) .
In this study the in vitro specific activity of PDH was low irrespective of the aeration conditions, which contrasts with the results obtained by Jensen et al. (17) , who observed that the specific activity of PDH increased with increasing aeration from 1.89 to 21.1 mmol of product ⅐ h Ϫ1 ⅐ g (dry weight) of cells Ϫ1 under anaerobic and microaerobic (DOT, 5%) conditions, respectively. Even though the presence of oxygen clearly induced expression of the nox genes, the in vitro specific activity of NOX was 11 times higher in the study of Jensen et al. (17) at a DOT of 5% (17.0 mmol of product ⅐ h Ϫ1 ⅐ g [dry weight] of cells Ϫ1 ) than under the microaerobic conditions used in this study (1.49 mmol of product ⅐ h Ϫ1 ⅐ g [dry weight] of cells Ϫ1 ). Furthermore, the in vitro ALS specific activity was six times higher at a DOT of 5% and under glucose-limited conditions (24.1 mmol of product ⅐ h Ϫ1 ⅐ g [dry weight] of cells Ϫ1 ) than under microaerobic batch cultivation conditions (4.17 mmol of product ⅐ h Ϫ1 ⅐ g [dry weight] of cells Ϫ1 ). This could suggest that the regulatory systems leading to higher PDH, NOX, and ALS specific activities are subject to glucose repression. Currently, we are investigating this possibility more closely.
One conclusion of both academic and industrial interest from this study is that inclusion of acetate in the medium is recommended. Furthermore, our results show how oxygen can be used to control by-product formation.
FIG. 5. Effect of the NADH/NAD ϩ ratio on the in vitro specific activity of PDH. The NAD ϩ concentration was 5 mM for all measurements. The activity was assessed in an anaerobic glove box to prevent parasitic NOX activity. 
